؉ /H ؉ antiporters are divided according to their substrate specificity in two distinct subfamilies. To identify amino acid residues responsible for substrate specificity determination (recognition of K ؉ ), the Zygosaccharomyces rouxii Sod2-22 antiporter (non-transporting K ؉ ) was mutagenized and a collection of ZrSod2-22 mutants that improved the KCl tolerance of a salt-sensitive Saccharomyces cerevisiae strain was isolated. Several independent ZrSod2-22 mutated alleles contained the replacement of a highly conserved proline 145 with a residue containing a hydroxyl group (Ser, Thr). Sitedirected mutagenesis of Pro 145 proved that an amino acid with a hydroxyl group at this position is enough to enable ZrSod2-22p to transport K ؉ . Simultaneously, the P145(S/T) mutation decreased the antiporter transport activity for both Na ؉ and Li ؉ . Replacement of Pro 145 with glycine resulted in a ZrSod2-22p with extremely low activity only for Na ؉ , and the exchange of a charged residue (Asp, Lys) for Pro 145 completely stopped the activity. Mutagenesis of the corresponding proline in the S. cerevisiae Nha1 antiporter (Pro 146 ) confirmed that this proline of the fifth transmembrane domain is a critical residue for antiporter function. This is the first evidence that a non-polar amino acid residue is important for the substrate specificity and activity of yeast Nha antiporters.
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Na
ϩ /H ϩ antiporters are ubiquitous membrane proteins found in cytoplasmic and organelle membranes in most organisms, including bacteria, fungi, plants, and animals. They play crucial roles in the homeostasis of alkali metal cations, maintenance of intracellular pH, and cell volume (1) (2) (3) .
The model yeast Saccharomyces cerevisiae possesses three genes encoding monovalent cation/H ϩ antiporters: NHA1 (4), NHX1 (5) , and KHA1 (6) . Whereas the protein products of NHX1 and KHA1 genes are localized in intracellular compartments (7, 8) , the Nha1p belongs to the unique clade of fungispecific plasma membrane Na ϩ /H ϩ antiporters (9, 10) . Nha1p uses a protonmotive force generated by the plasma membrane H ϩ -ATPase to mediate the efflux of Na ϩ , Li ϩ , K ϩ , and Rb ϩ from cells (9, 11) .
Genes encoding ScNha1p homologues have been cloned from six yeast species: Schizosaccharomyces pombe (12) , Zygosaccharomyces rouxii (13) (14) (15) , Pichia sorbithophila (16) , Candida albicans (17, 18) , Candida tropicalis, and Hansenula anomala (19) . The systematic genome sequencing of other yeast species revealed the existence of similar open reading frames in all of them (20) (21) (22) .
Yeast plasma membrane Na ϩ /H ϩ antiporters share similar structural features, including a short hydrophilic N terminus (11-12 amino acids), a transmembrane hydrophobic part with twelve putative transmembrane segments, and a hydrophilic C terminus. Amino acid sequence and the length of the N termini, transmembrane parts, and connecting loops are highly conserved among orthologs. In contrast, the antiporter C termini are more variable as far as their length and amino acid compositions are concerned (23) . In our previous work, the transport properties (substrate specificity and transport activity) of four different yeast Na ϩ /H ϩ antiporters were characterized upon their expression in an S. cerevisiae mutant strain lacking its own sodium exporters. These four antiporters can be divided in two distinct subfamilies: 1) antiporters with substrate specificity only for Na ϩ and Li ϩ (S. pombe, Z. rouxii) and primary detoxification function in cells, and 2) a subfamily of antiporters mediating the transport of at least four alkali metal cations, which, besides the elimination of toxic cations, play a role in other cell functions (the regulation of intracellular K ϩ concentration, pH, and cell volume) (23) . ScNha1p and CaCnh1p were found to be involved in a rapid K ϩ efflux observed as a result of cell response to the alkalinization of internal pH, suggesting that both antiporters play a role in the regulation of intracellular pH (18) . Measurements of intracellular pH proved that the deletion of ScNHA1 results in the alkalinization of cytosolic pH (24, 25) . Moreover, the ScNha1 antiporter is involved in the regulation of the cell cycle (26) , and in the immediate cell response to osmotic shock (9, 27) . Later characterization of orthologs from P. sorbithophila (16) and C. tropicalis (19) incorporated them into the second subfamily of antiporters with a broad substrate specificity. Distribution of antiporters into the two subfamilies does not reflect their level of protein identity as S. cerevisiae Nha1p shares the highest sequence homology with the Z. rouxii Sod2-22p (57.7% identity).
The molecular mechanism of recognition, binding, and transport of an alkali metal cation by the yeast antiporter is not known. The substrate specificity of antiporters seems to be determined only by the composition of their transmembrane parts and connecting loops, since the truncation of the ScNha1p long hydrophilic C-terminal part (amino acids 469 -985) does not affect transporter ability to recognize and transport all four substrates (9 (28 -30) . These residues are conserved in the antiporters of prokaryotes and of some lower eukaryotes, despite an overall low similarity in their primary sequences (28) . The tandem of aspartyl residues identified in the Spsod2p study were shown to be vital for the function of the Z. rouxii Sod2 antiporter (Asp 265 -Asp 266 ) (31) , and mutations of conserved aspartyl residues 266 and 267 to asparagine reduced the sodium transport activity also in C. albicans Cnh1p and S. cerevisiae Nha1p (17, 26) . Interestingly, in the case of ScNha1 (D266,267N) antiporter, the potassium efflux activity was not changed, and it was another aspartyl residue (Asp 241 ) whose mutation affected K ϩ extrusion (26) . In this work, we intended to identify the amino acid residues that are responsible for the determination of the Na ϩ /H ϩ antiporter substrate specificity (ability to recognize K ϩ ). Using UV and random PCR mutagenesis, a collection of mutants of the Z. rouxii Sod2-22 antiporter (originally non-transporting K ϩ ) that improved the S. cerevisiae mutant tolerance to high KCl concentration was isolated. Several independent ZrSod2-22 mutants contained the replacement of the prolyl residue 145 with an amino acid containing a hydroxyl group (Ser, Thr). The Pro 145 located within the fifth transmembrane domain is highly conserved among all members of the two subfamilies. Site-directed mutagenesis of Pro 145 proved that the presence of an amino acid residue containing a hydroxyl group at this position is enough to enable ZrSod2-22p to transport K ϩ , whereas the presence of other residues prevented the antiporter from functioning. Identification of a non-polar amino acid residue being important for the activity and substrate specificity of yeast Nha antiporters provides an important insights into the transport mechanism of yeast plasma membrane Na ϩ /H ϩ antiporters.
MATERIALS AND METHODS
Strains, Media, and Growth Conditions-The S. cerevisiae BW31 strain (ena1⌬::HIS3::ena4⌬ nha1⌬::LEU2) (isogenic to B31, Refs. 9 and 11) was used in this work for phenotype characterization. Yeast cells were grown aerobically at 30°C on standard YPD or YNB medium supplemented with 2% glucose and appropriate supplements when necessary. Transformants obtained by high efficiency transformation were selected on SC drop-out medium without uracil (32) .
Plasmid Constructions-The 3.1-kb-long DNA fragment with the S. cerevisiae NHA1 promoter and the ZrSOD2-22 gene (obtained as a SalI-SacI fragment from pZrSOD2-22, Ref. 15) was cloned either (i) instead of the GPD promoter into p416 GPD (33) to use the resulting centromeric p4G-ZrSOD2-22 for UV and random PCR mutagenesis; or (ii) into the corresponding sites of pUC19 (34) . Plasmid pUC-Zr-SOD2-22 was used as a template for PCR reactions in the site-directed mutagenesis of ZrSOD2-22. For the phenotype characterization of selected mutants, SalI-SacI fragments (3.1 kb) were digested from mutated plasmids p4G-ZrSOD2-22 or pUC-ZrSOD2-22 and cloned into the multicopy YEp352 (35) . For the site-directed mutagenesis of the S. cerevisiae Nha1p, the ScNHA1 gene with its own promoter region (XbaISphI 3.6-kb fragment) was digested from the pNHA1-985 (9) and cloned into the corresponding sites of pUC19 resulting in pUC-NHA1-985. After mutagenesis, the XbaI-SphI fragment was cloned back into the YEp352 creating the pNHA1-985(P146S). The pNHA1-985(P146S)GFP plasmid was constructed by cloning the 3.6-kb XbaIXmaI fragment from pNHA1-985(P146S) in-frame into the corresponding sites of the pGRU1 (GenBank TM accession no. AJ249649). DNA manipulations and the growth of bacterial cultures were performed following standard protocols (36) .
UV Mutagenesis-Cultures of BW31 cells containing p4G-Zr-SOD2-22 were mutagenized by ultraviolet radiation in eight independent experiments. In each of the experiments, a single yeast colony was inoculated into 25 ml of YNB medium, grown overnight to A 600 Ϸ 0.6 -0.8, and 1 ϫ 10 5 cells were spread on one YPD plate. The open plate was irradiated from 40-cm away with UV radiation ( ϭ 254 nm) for 10 s (this corresponded to 22% cell survival). The colonies that emerged after 72 h of incubation at 30°C were collected. The whole cell suspension of each mutagenesis was evenly spread on five YNB plates supplemented with 1,800 mM KCl. Plates were incubated at 30°C for 7 days to isolate clones resistant to a high concentration of potassium.
Random PCR Mutagenesis- Site-directed Mutagenesis-Selected point mutations were introduced into pUC-ZrSOD2-22 and pUC-NHA1-985 using the QuikChange Site-directed Mutagenesis kit (Stratagene). For each mutation two overlapping complementary oligonucleotides containing the corresponding nucleotide change(s) were designed. The accuracy of mutation was confirmed by sequencing.
Salt Tolerance Determination-The maximum concentration of salt tolerated by yeast cells were estimated by spotting 3 l of serial 10-fold dilutions of saturated cultures on solid YNB medium supplemented with an increasing amount of salt (NaCl 300 -2,000 mM, KCl 800 -1,800 mM, LiCl 10 -150 mM, RbCl 500 -900 mM). Plates with pH 3.5, 5.5, and 7.0 were prepared as described previously (9) . Growth was recorded for 4 -5 days.
Cation Efflux Experiments-Cells were grown in YNB medium to an A 600 Ϸ 0.2, harvested, and washed. To measure the efflux of Na ϩ , cells were preloaded for 60 min in YNB medium at pH 7.0 supplemented with 100 mM NaCl (9) . Cation efflux from cells was followed in pH 4.5 buffer consisting of 10 mM Tris, 0.1 mM MgCl 2 , 2% glucose (pH was adjusted to pH 4.4 with citric acid, and Ca(OH) 2 was added to raise the pH up to 4.5) and supplemented with KCl or RbCl as indicated in the text. Samples of cells were withdrawn at regular time intervals, and the intracellular concentration of sodium or potassium was estimated by atomic absorption spectroscopy as described earlier (9, 37) . Each experiment was repeated three times, and representative experiments are shown.
RESULTS
To identify amino acid residues involved in the recognition and/or binding of different substrates we searched for ZrSod2-22 mutants capable of transporting potassium. To set up the conditions for selection, the ZrSod2-22p was expressed in the S. cerevisiae BW31 mutant strain (ena1-4⌬ nha1⌬), which is very sensitive to salt because of the absence of the main sodium and potassium extrusion systems, Na ϩ -ATPases and Nha1 antiporter. As expected, the presence of the wild-type Z. rouxii antiporter significantly increased the tolerance of BW31 cells to sodium and lithium (Table I ). The observed tolerance depended on the level of antiporter being higher upon expression from a multicopy (pZrSOD2-22) than from a centromeric (p4G-ZrSOD2-22) vector, respectively. The sensitivity to K ϩ of cells expressing ZrSod2-22p was as low as in control cells with no antiporter (p416 GPD). On the other hand, the presence of an antiporter mediating K ϩ efflux (pNHA1-985) resulted in a significant increase in potassium tolerance (Table I) . This difference allowed us to mutagenize the ZrSOD2-22 gene and screen for mutants with altered substrate specificity (i.e. able to transport K ϩ cations). UV Mutagenesis-First, we carried out the mutagenesis by UV irradiation. The UV method is suitable for the mutagenesis of chromosomal genes or genes expressed in cells from low copy plasmids. Thus, BW31 cells transformed with the centromeric plasmid containing the ZrSOD2-22 gene (p4G-ZrSOD2-22, Table I) were mutagenized.
Irradiated BW31 cells were selected on plates containing 1,800 mM KCl. This concentration was chosen as some spontaneous mutants appeared at lower KCl concentrations in pilot experiments (not shown). Selection on 1,800 mM KCl yielded 23 colonies (in total from eight independent irradiations and plating of ϳ1.8 ϫ 10 5 surviving cells). Further analysis proved a plasmid-dependent tolerance to potassium in three clones. All three transformants showed standard growth rate on plates with a concentration of KCl up to 1,300 mM, whereas cells with the native ZrSod2-22p tolerated only 800 mM KCl. Sequencing revealed that all three plasmids contained the ZrSOD2-22 allele (ZrSOD-UV651) with a single substitution of proline 145 for serine (Table II) . Proline 145 is predicted to lie within the fifth putative transmembrane domain (Fig. 1A ) and is conserved in sequences of all yeast plasma membrane Na ϩ /H ϩ antiporters ( Fig. 1B) identified to date. We had expected that residues important for the recognition of K ϩ as a substrate would be located rather in regions where the protein sequences of ZrSod2-22p (transporting only Na ϩ ) and ScNha1p (transporting Na ϩ and K ϩ ) differ. Thus, the broader substrate specificity of ZrSod2-22p obtained because of the single substitution of a highly conserved prolyl residue was quite surprising.
Random Mutagenesis by PCR-Because only one type of modified ZrSod2-22p had been isolated by UV irradiation, the mutagenesis of the ZrSOD2-22 gene by PCR was performed to enlarge the number of ZrSod2-22p mutants transporting potassium. We carried out five independent PCR reactions with target DNA concentrations corresponding to a mutation frequency of 4.92 to 1.34 mutations per kb. After cloning, the mutated ZrSOD2-22 alleles into p4G-ZrSOD2-22, a collection of 127 K ϩ -resistant clones was selected on plates with 1,200 mM KCl, of which 119 colonies showed a stable phenotype (increased K ϩ tolerance). Mutants were tested for their tolerance to NaCl and KCl and divided into 19 groups on the basis of the maximum concentration of salt tolerated. The corresponding p4G-ZrSOD2-22 plasmids were isolated from the candidates representing each group and reintroduced into BW31 cells to confirm the plasmiddependent tolerance. Finally, 16 plasmids containing mutated ZrSOD2-22 were chosen for the further analysis, as their presence in cells brought about the highest tolerance to potassium. Sequencing revealed that several independent ZrSod2-22 mutants with substitution of proline 145 for an amino acid residue with a hydroxyl group (serine, threonine) were also selected by this approach. No substitutions of any other residue than Ser or Thr for Pro 145 were found. Two representatives were chosen for further characterization (Table II ; ZrSod-512p and ZrSod211p). The positions of amino acid residues mutated in ZrSod512p and ZrSod-211p are highlighted in the model of ZrSod2-22 protein structure (Fig. 1A) with Ser (Table II) . BW31 cells expressing ZrSod-211p tolerated a slightly lower amount of KCl than cells with ZrSod-512p (Table II ). An improvement in KCl tolerance was accompanied in all three cases by a decrease in NaCl tolerance from the original 1,500 mM (p4G-ZrSOD2-22, Table I ) to 1,300 mM (ZrSod-UV651p and ZrSod-512p, Table II ) or even to 500 mM (ZrSod-211p, Table II) .
Substrate Specificity-For a detailed characterization of the transport properties of the three selected mutants, mutated ZrSOD2-22 alleles were cloned into the multicopy YEp352 vector, and transformed into BW31 cells. First, to determine the substrate specificity of particular mutated versions of ZrSod2-22p, the growth of transformants was tested in detailed drop tests on plates containing increasing amounts of sodium, lithium, potassium, and rubidium salts. Salt-sensitive BW31 transformed with the empty YEp352 served as a negative control, whereas cells expressing the wild-type ZrSod2-22p and ScNha1p, respectively, were used as positive controls. The presence of ScNha1p conferred cells with an increased tolerance to all cations, whereas cells containing the wild-type ZrSod2-22p grew only on plates supplemented with high concentrations of NaCl and LiCl (Fig. 2) .
In accord with results summarized in Table II , cells containing mutated versions of ZrSod2-22p tolerated higher concentrations of NaCl and KCl than cells with the empty vector (Fig.  2) . The expression of mutated ZrSod2-22 proteins from multicopy plasmids enhanced the amount of synthesized antiporters and, consequently, the maximum concentrations of NaCl and KCl-tolerated. For example, cells expressing the ZrSod-211p from a low copy plasmid grew on plates containing NaCl up to 500 mM and KCl up to 1,200 mM, respectively (Table II) , whereas upon expression from a multicopy plasmid, the max- Na ϩ /H ϩ Antiporters Substrate Specificity 30640 imum concentrations tolerated were 1,000 mM NaCl and 1,800 mM KCl (not shown). Whereas the size of colonies growing on 1,400 mM KCl was the same after 5 days ( Fig. 2A) , a slower growth of cells expressing all mutated ZrSod2-22 versions in comparison with ScNha1p was observed during the first 3 days of incubation (Fig. 2B ).
BW31 cells with the wild-type ZrSod2-22p exhibited robust growth on plates with 10 mM LiCl ( Fig. 2A) and could tolerate the LiCl concentration up to 150 mM (Table I) . Surprisingly, none of the three mutants significantly improved the growth of BW31 strain on plates supplemented with 10 mM LiCl ( Fig.   2A ). This indicated that the gain of the ability to transport K ϩ cations was connected to a decrease or even the loss of the ability to transport Li ϩ cations. Rubidium is usually used as a potassium analogue in the kinetic characterization of K ϩ uptake systems (38) . Although mutants improved the tolerance of BW31 to potassium, these cells were not able to grow on plates supplemented with high concentrations of RbCl ( Fig. 2A) . Cells with mutated ZrSod2-22p were sensitive to the same amount of external RbCl as cells with the wild-type ZrSod2-22p or cells containing the empty vector.
Results summarized in Fig. 2 suggest that all three ZrSod2- The transport activity of Na ϩ /H ϩ antiporters is governed by the electrochemical gradient of protons across the plasma membrane; i.e. depends on the extracellular pH (39, 40) . We have previously shown that the NaCl and LiCl tolerance of S. cerevisiae cells expressing the wild-type ZrSod2-22p decreased with increasing extracellular pH (23) . Similarly, drop test on medium buffered to pH 3.5, 5.5, and 7.0 and supplemented with NaCl or KCl, respectively, showed that the sodium and potassium tolerance of BW31 cells containing mutated ZrSod2-22p was dependent on the extracellular pH, being the highest at pH 3.5 and lowest at pH 7.0 (data not shown). This suggested that the nature of the transport activity of ZrSod2-22p (cation/H ϩ antiportation) was not affected by the mutations.
Potassium Efflux Mediated by Mutated ZrSod2-22p-To verify that mutated ZrSod2-22 proteins are able to recognize K ϩ as their substrate, we measured the potassium efflux from BW31 cells expressing the three mutated versions. Cells grown in YNB medium were transferred to the K ϩ -free incubation buffer of pH 4.5 supplemented with 10 mM RbCl to avoid potassium reuptake, and the K ϩ loss was followed for 120 min (Fig. 3) . Cells expressing the ScNha1p, mediating a high efflux of potassium (346 Ϯ 4 nmol K ϩ /mg of dry weight in 120 min), were used as positive controls, and cells with the empty vector or the original ZrSod2-22p as negative controls, respectively (Fig. 3) . During the measurement period, the intracellular concentration of K ϩ slightly decreased (of about 39 Ϯ 12 nmol K ϩ /mg of dry weight) both in cells lacking any antiporter and in cells containing the wild-type ZrSod2-22p (Fig. 3) . Because the main K ϩ -efflux systems are deleted in the BW31 strain (ena1-4⌬ nha1⌬), it indicated that under the conditions set in our experiment, the activity of another minor system was probably involved in K ϩ efflux. Nevertheless, a more pronounced efflux of K ϩ was observed from cells containing the mutated versions ZrSod-211p and ZrSod-512p (61 Ϯ 2 nmol K ϩ /mg of dry weight/ 120 min and 77 Ϯ 8 nmol K ϩ /of dry weight/120 min, respectively) (Fig. 3) . The same K ϩ efflux activity, as mediated by the ZrSod-512 mutated version, was observed for the ZrSodUV651p (not shown). Despite the fact that the observed potassium effluxes mediated by mutated ZrSod2-22 versions were low (Fig. 3) , they were sufficient to enable the long term growth of cells in the presence of high concentrations of KCl (Fig. 2) .
Potassium efflux measurements confirmed that both types of ZrSod2-22 mutants with a mutation of Pro 145 were able to mediate, in contrast to the wild-type ZrSod2-22p, transport of K ϩ . Taking all these results together, it was evident from our drop-test and efflux experiments that the ZrSod-211p (P145T ϩ F232S) mutant transports K ϩ slightly less than the protein with the P145S mutation. As Pro 145 is located within the highly conserved motif 139 CITATDPVLA 148 of the fifth transmembrane domain of all yeast plasma membrane Na ϩ /H ϩ antiporters (Fig. 1B) , we further took an in-depth look at the role of Pro 145 in the determination of the Na ϩ /H ϩ antiporter substrate specificity range and also on the importance of its substitution for an amino acid residue with a hydroxyl group.
Site-directed Mutagenesis of Pro 145 in ZrSod2-22p-To verify that the ability of ZrSod2-22p to transport K ϩ is actually related to the presence of an amino acid residue containing the hydroxyl group instead of the prolyl residue at position 145, we prepared site-directed mutants of the ZrSOD2-22 gene, in which the codon for Pro 145 was replaced by the sequences encoding either amino acids with a hydroxyl group (Ser, Thr) or a small neutral amino acid (Gly) or negatively and positively charged amino acids (Asp, Lys), respectively. Obtained Zr-SOD2-22 alleles were cloned into a multicopy vector, expressed in BW31 cells, and transformants were tested similarly to mutants from random mutagenesis (Fig. 4) .
ZrSod2-22 antiporters harboring mutations of Pro 145 to charged amino acid residues Asp or Lys neither improved the tolerance of BW31 cells to potassium nor to sodium (Fig. 4) . This suggested the loss of activity of the antiporter. The presence of the ZrSod2-22(P145G) mutant in BW31 cells slightly increased the tolerance of cells to NaCl, but not to KCl (Fig. 4) . It corresponded to some low residual sodium transport activity of the mutated protein. Only cells expressing ZrSod2-22p with a substitution of Pro 145 for Ser or Thr could grow on plates with 1,400 mM KCl (Fig. 4) . The ZrSod2-22(P145S)p and ZrSod2-22(P145T)p were also able to improve the tolerance of cells to NaCl, although to a lower extent than the wild-type ZrSod2-22 antiporter (Fig. 4) . Similarly as was observed for the original mutants (Table II and Fig. 2) , the ZrSod2-22p with substitu-
FIG. 3. Loss of K
؉ mediated by mutated versions of ZrSod2-22 antiporter. BW31 transformants were grown in YNB medium and transferred to the K ϩ -free incubation buffer of pH 4.5 with 10 mM RbCl to avoid potassium reuptake. Samples were taken at regular intervals over 120 min, filtered, and treated as previously described (9, 37) . The results are typical of those obtained in three independent experiments.
FIG. 2. Growth of BW31 cells harboring mutated
ZrSod2-22p in the presence of alkali metal cations. Serial 10-fold dilutions of saturated cultures were spotted on YNB medium supplemented with NaCl, LiCl, KCl, and RbCl as indicated; plates were incubated for 5 (A) or 3 (B) days at 30°C. Dilutions series correspond to BW31 cells containing the empty YEp352, expressing the wild-type ZrSod2-22 antiporter, mutated versions obtained by UV (ZrSod-UV651p) and random mutagenesis (ZrSod-211p, ZrSod-512p); and ScNha1p. Very similar results were seen for four independent experiments. Na ϩ /H ϩ Antiporters Substrate Specificity 30642 tions of Pro 145 for Ser provided cells with higher sodium tolerance than the P145T mutant (Fig. 4) .
Results observed in drop tests were further confirmed by measurements of potassium and sodium loss (Fig. 5) As the intracellular content of Na ϩ in S. cerevisiae cells is negligible at normal growth conditions in minimal YNB medium, cells were preloaded with approximately the same amount of Na ϩ (88 Ϯ 9 nmol Na ϩ /mg of dry weight) for the efflux measurements. Preloaded cells were resuspended in a Na ϩ -free incubation buffer of pH 4.5 containing 10 mM KCl to prevent Na ϩ reuptake. The loss of sodium cations from cells was followed for 40 min. In the control strain lacking any antiporter, the intracellular concentration of Na ϩ was stable during the experiment (Fig. 5B) , thus the observed sodium effluxes were mediated exclusively by ZrSod2-22 antiporters. No efflux of Na ϩ was observed from cells harboring ZrSod2-22p with mutations of Pro 145 to Asp or Lys (Fig. 5B) , which corresponded to the highest sensitivity of these cells to NaCl (Fig. 4) . Despite the fact that the ZrSod2-22(P145G) mutant was able to slightly improve the NaCl tolerance of BW31 cells (Fig. 4) , no detectable loss of Na ϩ mediated by this mutant protein was observed (Fig. 5B) . Although the P145S mutant conferred cells with a slightly lower tolerance to NaCl than the wild-type ZrSod2-22p (Fig. 4) , under the conditions of Na ϩ efflux measurements, the ZrSod2-22(P145S)p mediated an efflux of sodium from cells with a higher initial rate of transport than observed for the wild-type ZrSod2-22 antiporter (Fig. 5B) . The sodium efflux from cells expressing the ZrSod2-22(P145T)p was lower than from cells with the wildtype ZrSod2-22p or the ZrSod2-22(P145S)p (Fig. 5B) , which corresponded to a lower tolerance of these cells to extracellular sodium (Fig. 4) .
Site-directed mutagenesis of Pro 145 in the ZrSod2-22 antiporter proved that merely the presence of an amino acid residue containing a hydroxyl group at this position is enough to enable ZrSod2-22p to transport K ϩ and that the smaller serine is more advantageous than the larger threonyl residue which has, besides the hydroxyl group, also a methyl group in its side chain. These results also showed that the second mutation (F232S) present in the original ZrSod-211p (Table II) did not produce a significant change in substrate specificity range (ability to recognize and transport K ϩ ).
Mutagenesis of Pro
146 in S. cerevisiae Nha1p-As mentioned above, the prolyl residue in the fifth transmembrane domain is fully conserved in the sequences of all known yeast plasma membrane Na ϩ /H ϩ antiporters (Fig. 1B) . The finding that ZrSod2-22p gained the ability to transport K ϩ by mutation of the conserved Pro 145 to Ser or Thr raised the question of how this mutation would affect the substrate specificity and transport activity of the S. cerevisiae Nha1 antiporter, which naturally transports K ϩ . To answer this question, the P146S mutation (Pro 146 in ScNha1p corresponds to Pro 145 in ZrSod2-22p (Fig. 1B) ) was introduced into the ScNHA1 gene. The ScNha1(P146S) antiporter was expressed in BW31 cells from a multicopy vector under the control of the NHA1 promoter and its transport activity was compared . A, cells were grown in YNB medium, harvested, and transferred to the K ϩ -free incubation buffer of pH 4.5 with 10 mM RbCl to avoid potassium reuptake. B, cells were grown in YNB medium, subsequently loaded with Na ϩ by 60 min of incubation in the YNB medium of pH 7.0 containing 100 mM NaCl, and then transferred to the Na ϩ -free incubation buffer of pH 4.5 containing 10 mM KCl. Samples were taken at regular intervals, filtered, and the internal concentration of K ϩ (A) or Na ϩ (B) was estimated by atomic absorption spectrophotometry as described previously (9, 37). BW31 cells were transformed with plasmids as indicated. The results shown in A and B are typical of those obtained in three independent experiments.
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ϩ /H ϩ Antiporters Substrate Specificity 30643 with the corresponding wild-type ScNha1p expressed under the same conditions. First, the substrate specificity of ScNha1(P146S) antiporter was determined in drop tests on plates containing increasing amounts of Na ϩ , Li ϩ , K ϩ , and Rb ϩ salts (Fig. 6 ). Cells without any antiporter were used as a negative control. The mutation of Pro 146 to Ser in ScNha1p did not affect the cell tolerance to potassium. Cells containing the ScNha1(P146S) antiporter could grow on medium supplemented with 1,800 mM KCl similarly as cells expressing the original ScNha1p (Fig. 6) . On the other hand, the ScNha1(P146S)p provided cells with considerably lower sodium tolerance than the wild-type ScNha1p. In the presence of 500 mM NaCl, cells with the ScNha1(P146S)p grew noticeably poorer than cells expressing the wild-type ScNha1p (Fig. 6) . Cells with the ScNha1(P146S) mutant did not exhibit better growth on plates supplemented with LiCl than cells containing the empty vector (Fig. 6) , but, remarkably, they grew considerably better than cells with the nonmutated ScNha1p on medium with 900 mM RbCl. These results suggested that the mutation of Pro 146 to Ser influences the binding and transport of three of the four ScNha1p substrates, Na ϩ , Li ϩ , and Rb ϩ , respectively. Potassium and sodium efflux activity mediated by the ScNha1(P146S) antiporter was estimated using the same conditions as described for the measurements of efflux mediated by ZrSod2-22 mutants. Fig. 7A shows that the rate of potassium efflux from cells expressing the ScNha1(P146S)p was much lower than from cells with the native ScNha1p (90 Ϯ 15 versus 346 Ϯ 4 nmol K ϩ /mg of dry weight in 120 min) despite the fact that the antiporter with P146S mutation provided cells with the same level of KCl tolerance as the wild-type ScNha1p (Fig. 6 ). This again indicated that similar to the case of ZrSod2-22 mutants, the slow K ϩ efflux activity was sufficient to ensure a cell tolerance of high external potassium concentrations.
As shown in Fig. 7B , loss of Na ϩ from cells with ScNha1(P146)p was very slow compared with cells with the wild-type ScNha1p. This corresponds well to the lower sodium tolerance of cells with ScNha1(P146S)p (Figs. 6 and  7B) . It is worth noting that the intracellular concentrations of Na ϩ were different at the beginning of the experiment. After a 1-h incubation of cells in medium with 100 mM NaCl, cells with ScNha1(P146S)p always contained twice as high a concentration of Na ϩ than control cells without any antiporter or cells with the wild-type ScNha1p (176 Ϯ 18 versus 87 Ϯ 8 nmol Na ϩ /mg of dry weight). So, the Na ϩ efflux activity of ScNha1(P146S)p was really low as the initial substrate concentration was 2-fold higher than in cells with the ScNha1p.
A decreased rate of Na ϩ and K ϩ effluxes observed in cells with ScNha1(P146S)p could result from incorrect targeting of ScNha1(P146S)p to the plasma membrane. To verify this possibility, the ScNha1(P146S)p was tagged at its C terminus with the green fluorescent protein (GFP) 1 and expressed in BW31 cells. The GFP tagging did not influence the growth phenotype and efflux activity provided to the cells by the mutated transporter (not shown). Fluorescence microscopy of transformants showed the same peripheral distribution corresponding to the plasma membrane for the ScNha1(P146S)GFP antiporter (Fig.  8) as was observed for the wild-type ScNha1p (9) .
When taken together, our results showed that the substitution of proline 146 for serine in the Na ϩ /H ϩ antiporter ScNha1p did not affect the targeting of the transporter to the plasma membrane, but it did change the transport properties of the protein. Whereas the ability to transport Na ϩ and K ϩ decreased, and that for Li ϩ was apparently lost, the capacity of ScNha1(P146S)p to transport the largest substrate (rubidium) probably increased. 1 The abbreviation used is: GFP, green fluorescent protein. for an amino acid with a hydroxyl group, either serine (ZrSod-UV651p, ZrSod-512p) or threonine (ZrSod-211p). Measurements of K ϩ efflux confirmed that the mutated ZrSod2-22 antiporters gained the ability to transport potassium cations (Fig. 3) .
In ZrSod2-22p, the Pro 145 lies within the motif of ten amino acids 139
CITATDPVLA
148 highly conserved among all yeast plasma membrane antiporters (Fig. 1B) . In this motif, six residues are fully conserved (in bold), two residues are hydrophobic isoleucine or valine, and two alanines are conserved, except in S. pombe and in Yarrowia lipolytica where seryl or prolyl residues are present (Fig. 1B) . At present, the precise topology of yeast plasma membrane antiporters is not known. In the topological model of the homologous S. pombe sod2p suggested (29, 30) , the conserved motif is located at the end of the fourth transmembrane domain and in the following loop. According to five of six different programs that we used for the secondary structure prediction of ZrSod2-22p, the amino acids 134 -152 form the fifth putative transmembrane domain (Kyte-Doolittle, HMMTOP, TMHMM v2.0, MEMSAT2, TOPPRED). The 142-ATDP-145 motif is also conserved in yeast Nhx1 antiporters and some plant Na ϩ /H ϩ antiporters (e.g. Arabidopsis thaliana Sos1p), where it was also predicted to lie within the fifth transmembrane domain (5, 41) . In addition, prolyl residues were found to occur with a significant concentration in the central part of sequences of transmembrane ␣-helices (42) (43) (44) . Taking all the data into account, we propose a model of the ZrSod2-22p secondary structure as shown in Fig. 1A , with Pro 145 approximately in the middle of the fifth transmembrane domain.
Membrane-buried prolyl residues play a significant role in determining the structure of transmembrane helices (43) , and it was suggested that they were important for the function of transporters (45, 46) . The comparison of sequences encoding yeast plasma membrane Na ϩ /H ϩ antiporters from 12 different yeast species revealed six fully conserved prolyl residues located within the transmembrane domains 4, 5, 6, 10, 11, and 12, respectively. Prolines induce a distortion in ␣-helices as their cyclic side-chains introduce a local break (Pro kink). The distortion of the helical structure produced by the proline results from the avoided steric clash between the pyrrolidine ring and the backbone carbonyl at position i-4 (relative to the position i of the proline), as well as the elimination of helix backbone hydrogen bonds for the carbonyls at positions i-3 and i-4 (47-50). Thus, Pro introduces a flexible point in the ␣-helix, which could be of both structural and functional importance (43, 51) . The mutations of particular prolyl residues were found to affect the substrate specificity, for example, of the Escherichia coli melibiose carrier (46) , lac permease (52), yeast arginine permease Can1p (53) , the mammalian dopamine transporter (54), or multidrug resistance protein 1 (55) .
The effect of the presence of Pro 145 on the substrate specificity and transport activity of yeast Nha antiporters was estimated by growth tests on plates with salts and by measurements of Na ϩ and K ϩ transport activity. In ZrSod2-22p, the replacement of Pro 145 with a charged amino acid residue completely stopped antiporter activity. Introduction of positive or negative charge at this position (adjacent to another charged residue, Asp 144 ), probably produces an important physical disturbance and/or change of the protein conformation around the mutation leading to the antiporter's deactivation. Glycine, lacking a side chain, may also mediate helix flexibility, and it is supposed to have a similar ␣-helical tendency to proline (56 -58) . However, in the case of the P145G mutation, its presence allowed only a very small level of ZrSod2-22 antiporter activity (Fig. 4) .
The introduction of an amino acid with a hydroxyl group (Ser, Thr) instead of Pro 145 in ZrSod2-22p resulted in a functional antiporter, but with changed transport properties. The antiporter (i) retained the ability to transport Na ϩ , although to a lower level (especially in the case of P145T exchange), (ii) gained the ability to transport larger K ϩ cations, but (iii) its capacity to transport the smallest Li ϩ cations was significantly decreased or even lost. The acquirement of a K ϩ transport capacity did not result in an ability to transport the largest substrate, Rb ϩ (Fig. 2) . It means that Rb ϩ cannot be always used as a K ϩ analogue in the determination of transport properties. A corresponding mutation in ScNha1p (P146S) significantly reduced the initial rates of Na ϩ as well as K ϩ effluxes. Similarly as in ZrSod2-22p, the ability of ScNha1(P146S)p to transport the smallest Li ϩ cation was very poor or even completely stopped. In contrast to ZrSod2-22p, the P146S mutation in ScNha1p resulted in a better capacity to transport large Rb ϩ cations (Fig. 6 ). Side chains of seryl or threonyl residues (at position i) might form intrahelical hydrogen bonds in either the 1 ϭ gauche ϩ (g ϩ ) or 1 ϭ gauche Ϫ (g Ϫ ) conformation with the carbonyl oxygen in the preceding turn of helix (residues i-3 and i-4) (59, 60), and their presence in g Ϫ conformations results in a significant bending of the ␣-helix (61). Thus, both residues impart, similarly to proline, flexibility into transmembrane helices and can assist in conformational change (58, 61) . The statistical results show that in membrane proteins serine possesses as many side chains in the g Ϫ as in the g ϩ conformation, while the frequency of the g Ϫ conformation relative to g ϩ for threonine is apparently reduced (59, 61) . In addition, serine may adopt the 1 ϭ trans (t) conformation without forming hydrogen bonds, but the t conformation is very unfavorable for threonine because of the steric clash between the methyl group and the carbonyl oxygen of residue i-3 (59, 61) . Thus, serine seems to confer higher structural flexibility of an ␣-helix compared with threonine, and this can be the reason for better sodium tolerance and sodium efflux activity mediated by P145S than the P145T mutant of ZrSod2-22p (Figs. 4 and 5B). Compared with ZrSod2-22p, the corresponding P146S mutation in ScNha1p had a more severe effect on transporter activity due, probably, to different local conformational change as the residues preceding and following the 141-TATDP-145 sequence differ in ZrSod2-22p and ScNha1p (Fig. 1B) . The binding of lithium cations, possessing the smallest atomic radius of all alkali metal cations, was suggested to cause more extensive conformational changes than the binding of a larger cation (62) . On the other hand, the Li ϩ cation has the largest hydrated radius (0.340 nm), which can influence its ability to enter the binding site compared with other alkali metal cations (K ϩ , 0.232 nm; Rb ϩ , 0.228 nm). The fact that P145S(T) mutations result in an inability of antiporters to transport lithium cations, indicates that they induce, probably, local structural changes, which are unfavorable for Li ϩ transport, but, on the other hand, give enough room for the transport of K ϩ (ZrSod2-22p) or Rb ϩ (ScNha1p). Taking all this data into account, Pro 145 is more important for the preservation of the conformation and flexibility of this part of yeast Na ϩ /H ϩ antiporters than for the direct binding of substrates. It is the aspartyl residue preceding the proline 145, which is involved in cation binding (30) . An acidic residue can be found at this position in all types of Na ϩ /H ϩ antiporters, from prokaryotes to mammals (30) . Mutations of this aspartate significantly reduce the activity of the S. pombe sod2 antiporter (29, 30) and of several bacterial antiporters (62) (63) (64) (65) . In contrast to yeast Nha proteins, bacterial Na ϩ /H ϩ antiporters do not contain proline next to the aspartate, but there is another prolyl residue in the aspartate neighborhood (Pro 129 , the fourth residue preceding the important aspartate) that has been shown to be vital for E. coli NhaA function (65) . As far as mammalian NHE exchangers are concerned, the conserved DP motif is found in the sixth transmembrane domain, but it is not important for function (66) . Nevertheless, for normal NHE activity, other conserved prolyl residues in the fourth transmembrane domain are required (67) . Though the family of plasma membrane Na ϩ /H ϩ antiporters from different organisms share a weak overall homology, it seems evident that not only aspartyl, but also prolyl residues in transmembrane domains, are critical for the proper function of all transporters of this type.
Our data emphasize the importance of the composition of the fifth transmembrane domain of yeast plasma membrane Na ϩ /H ϩ antiporters for the recognition and binding of substrates. This work identified Pro 145 , a part of the highly conserved TDP motif, to be implicated in the determination of transport properties of yeast plasma membrane antiporters, as far as substrate specificity range and transport activity are concerned. The fifth transmembrane domain of yeast antiporters can form a part of the substrate ion pathway (hydrophilic pore) similarly as was suggested for the fourth transmembrane segment in prokaryotic NhaA antiporters (62, 68) . Hydroxyl groups present in the side chains of amino acids might play a considerable role in the recognition of substrates as preliminary analysis of the other ZrSod2-22p versions obtained by random PCR mutagenesis suggest. Thus, our future work will focus on the identification of other amino acid residues in the fifth transmembrane domain (with hydroxyl groups?) that might be involved in substrate recognition and transport of yeast plasma membrane Na ϩ /H ϩ antiporters.
